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Abstract
In this study, two different supramolecular recognition architectures for impedimetric detection
of DNA hybridization have been formed on disposable paper-supported inkjet-printed gold
electrodes. The gold electrodes were fabricated using a gold nanoparticle based ink. The first
recognition architecture consists of subsequent layers of biotinylated self-assembly monolayer
(SAM), streptavidin and biotinylated DNA probe. The other recognition architecture is
constructed by immobilization of thiol-functionalized DNA probe (HS-DNA) and subsequent
backfill with 11-mercapto-1-undecanol (MUOH) SAM. The binding capacity and selectivity
of the recognition architectures were examined by surface plasmon resonance (SPR)
measurements. SPR results showed that the HS-DNA/MUOH system had a higher binding
capacity for the complementary DNA target. Electrochemical impedance spectroscopy (EIS)
measurements showed that the hybridization can be detected with impedimetric spectroscopy
in picomol range for both systems. EIS signal indicated a good selectivity for both recognition
architectures, whereas SPR showed very high unspecific binding for the HS-DNA/MUOH
system. The factors affecting the impedance signal were interpreted in terms of the complexity
of the supramolecular architecture. The more complex architecture acts as a less ideal
capacitive sensor and the impedance signal is dominated by the resistive elements.
Keywords: electrochemical impedance spectroscopy, printed electronics, paper substrate,
DNA, hybridization, surface plasmon resonance
(Some figures may appear in colour only in the online journal)
1. Introduction
Presently, great efforts are being put into the development
of paper electronics, both at an academic and an industrial
level, with a vision that this could lead to a new generation
of low-cost, flexible and robust devices and gadgets. Various
electrical components, such as transistors, capacitors, RFID
antennas and sensors, have been printed on paper [1–15]. Paper
electronics could find applications, for example, in the field of
clinical diagnostics, where much focus is currently put on the
development of low-cost and robust biosensors applicable as
analytical tools for rapid, reliable and sensitive diagnostics
of clinically relevant analytes [16]. Screen printing has been
a widely applied technique for producing paper-supported
devices combined with microfluidic properties [17–19]. Inkjet
printing with a higher precision and much lower material
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consumption has also proved to be a valuable technique for
printed electronics in the field of diagnostics. Recently, the
possibility of using paper-supported inkjet-printed gold elec-
trodes in diagnostic applications has been demonstrated, show-
ing that various recognition surfaces can be constructed and
clinically relevant analytes can be detected by electrochemical
techniques such as electrochemical impedance spectroscopy
(EIS) [20–22].
DNA biosensor (genosensor) technologies which can be
applied, for example, in the investigation of food and water
contamination by micro-organisms, detection of genetic dis-
orders, tissue matching, drug screening and forensic appli-
cations, are rapidly developing as an alternative to the clas-
sical gene assays [23–27]. In genosensors, the recognition
surface combines a single-stranded DNA (ssDNA) probe with
a transducer (e.g. optical, mass-sensitive or electrochemical)
and utilizes the hybridization event to detect a target DNA
sequence [28, 29].
EIS is a very sensitive tool for probing the interfacial
properties (capacitance, electron transfer resistance) of surface
modified electrodes [30–33]. Since DNA is a polyanionic
molecule, hybridization usually results in changes in the elec-
trochemical properties of the interface and thus EIS has been
applied for label-free detection of DNA hybridization [28, 29].
For EIS measurements, ssDNA probes have been tethered to
metal [34], semiconducting [35–38] and polymeric
surfaces [39, 40].
In this study, two different supramolecular recogni-
tion architectures for oligonucleotide biosensing are con-
structed on the paper-supported inkjet-printed gold elec-
trodes. The printed electrodes are fabricated using gold
nanoparticle based ink. The first recognition architecture
consists of alternate layers of a binary mixture of biotiny-
lated hexa(ethylene glycol) undecane thiol (Biotin-PEG-thiol)
and 11-mercapto-1-undecanol (MUOH) (85:15 mol%,) self-
assembled monolayer (SAM), streptavidin (SA) and biotiny-
lated DNA probe (biotin-DNA probe). The other recognition
architecture is constructed by subsequent immobilization
of a thiol-functionalized DNA probe (HS-DNA probe) and
11-mercapto-1-undecanol (MUOH). The binding capacity
and selectivity of the recognition architectures were studied
by surface plasmon resonance (SPR). The feasibility of these
architectures on paper-supported electrodes for the detection
of DNA hybridization by EIS is screened.
2. Materials and methods
2.1. Print substrate
A proprietary multi-layer laboratory-coated paper developed
for printed electronics was used as print substrate [41]. The
paper contains the following layers: ground calcium carbonate
(GCC) precoated on wood-free base paper, a laboratory-blade-
coated kaolin layer, a reverse gravure-coated barrier layer
and a thin nanoporous precipitated calcium carbonate (PCC)
pigment top coating layer (layer thickness∼3 µm). The paper
contains components normally used in papermaking and is
similarly recyclable to the ordinary paper used in graphical
printing. The most important physicochemical characteristics
and examples of numerous applications in the field of printed
electronics are described in previous publications [1, 2, 4–9,
11, 20–22, 42]. The total thickness and grammage of the paper
substrate were about 130 µm and 126 g m−2, respectively.
A more detailed description of the layer components and
preparation procedures of the paper substrate used here are
given elsewhere [8].
2.2. Inkjet printing of AuNP electrodes
Dodecanethiol-stabilized gold nanoparticles (AuNPs) with
an average size distribution of ∼7 nm were synthesized
following the procedure reported by Hostetler et al [43].
Detailed information about the synthetic steps of these AuNPs
is given elsewhere [20]. All chemicals used in synthesis
were purchased from Sigma-Aldrich and used without further
purification. The AuNP ink for inkjet printing was prepared
by dispersing the nanoparticles (15 wt%) in xylene (Sigma-
Aldrich). Inkjet printing of the AuNP ink was performed with
a Dimatix Materials Printer (DMP-2800, FUJIFILM Dimatix,
Inc. Santa Clara, USA). The printing was done in ambient
conditions using a single nozzle, 10 pl drop volume, 27± 3 V
firing voltage and a custom waveform to ensure optimal droplet
formation. Printing was performed using a drop spacing
of 20 µm. Sintering of the printed gold electrodes was
carried out using a short-wave IR drier (IRT systems, Hedson
Technologies AB, Sweden) consisting of three 30 cm-long
2 kW strip light bulbs with the distance between the sample
and the lamp being about 20 cm. The sintering time was
20 s. The volume resistivity of the printed gold structures was
1.6× 10−7  m. The thickness of the gold layer was about
500 nm. Two different electrode configurations were prepared,
with an active area of 0.28 cm2 [20] or 0.08 cm2. A photograph
of a paper-supported printed electrode with an active area of
0.08 cm2 is shown in figure 1. The average RMS roughness
of the electrode surface was 27 nm (measured from 5 µm×
5 µm atomic force microscope (AFM) topographs). A more
detailed description of the fabrication, characterization and
surface modification of the paper-supported inkjet-printed gold
electrodes is given in previous communications [4, 20–22].
A hydrophobic and translucent polydimethylsiloxane
(PDMS) based ink (Dehesive 920, catalyst OL and crosslinker
V24, mixing ratio of 100:2.5:1 wt%, Wacker Chemie, AG)
was applied around the perimeter of the electrodes to confine
the aqueous sample solutions over the electrode area during
the preparation of recognition layers and impedance measure-
ments [20]. The PDMS ink can be applied on a paper substrate
by manual spreading or by using roll-to-roll compatible
techniques such as flexographic or inkjet printing [44].
2.3. Alkylthiols, proteins and oligonucleotides
11-Mercapto-1-undecanol (MUOH, HS(CH2)11OH) was
purchased from Sigma-Aldrich. Biotinylated hexa(ethylene
glycol) undecane thiol (Biotin-PEG-thiol, HS(CH2)11
(OCH2CH2)6NHBiotin) was obtained from nanoScience
Instruments (Phoenix, USA). The thiols were used as received.
Streptavidin (SA) was purchased from BioSPA (SPA Societa`
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Figure 1. A paper-supported printed gold electrode with an active area of 0.08 cm2 (small squares). Also shown is a small-scale AFM image
(5 µm× 5 µm) of the electrode surface.
Prodotti Antibiotici S.p.A., Italy). The following oligonu-
cleotides were obtained from biomers.net:
Biotinylated DNA probe (biotin-DNA probe, sequence 5′→ 3′
aaACTGAATTATTGGAGGTAGAGGTGAGTGATAC,
biotin linker at 5′ end, MW 11 072 g mol−1).
Complementary DNA target (sequence 5′→ 3′
aaGTATCACTCACCTCTACCTCCAATAATTCAGT, biotin
linker at 5′ end, MW 10 703 g mol−1).
Non-complementary DNA target (sequence 5′→ 3′
aaTAGCTAGTCAGTATATAGCTTAGCTAGCTAGA, MW
10 927 g mol−1).
Thiol-functionalized DNA probe (HS-DNA probe, sequence
5′→ 3′
aaACTGAATTATTGGAGGTAGAGGTGAGTGATAC,
alkylthiol linker at 5′ end, MW 10 832 g mol−1).
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HE-
PES)–ethylenediaminetetraacetic acid (EDTA) aqueous solu-
tion (10 mM HEPES (Sigma), 300 mM NaCl (Fluka), 1 mM
EDTA (Sigma), pH 7.4) was used as a buffer solution in all the
immobilization experiments and impedance measurements.
2.4. Formation of supramolecular protein architectures on
printed AuNP electrodes
Two well-known supramolecular architectures were used for
fabrication of the recognition layers for DNA hybridization
experiments (figure 2). In the first one, the biotin-DNA
probe molecules are tethered to an SA layer coupled to the
biotinylated SAM [45–47]. The other one is based on the
mixed SAM of HS-DNA probe and MUOH [45, 48, 49].
2.4.1. Formation of MUOH:Biotin-PEG-thiol SAM-SA-biotin-
DNA probe architecture. The first layer consisted of a biotiny-
lated SAM formed using MUOH:Biotin-PEG-thiol
(85:15 mol%, 5 mM) solution in absolute ethanol (ETAX
Aa, Altia). Before exposure to a SAM solution, the AuNP
electrodes were cleaned with plasma (air) flow (PDC-326,
Harrick) for 2 min, rinsed with absolute ethanol and dried
with nitrogen gas. The paper-supported electrodes were sealed
between two silicon rings in a custom built liquid flow cell
(FIAlab Instruments, Inc., USA) with a cap and exposed to
SAM solution (250 µl) for 19–23 h at room temperature in
the dark. After SAM formation, the electrodes were removed
from the solution, rinsed immediately with absolute ethanol,
and dried with nitrogen gas. Samples were stored at +6 ◦C
until further analysis.
The second layer was formed by pipetting 50 µl of
SA solution (HEPES–EDTA buffer, 5 µg ml−1) over the
MUOH:Biotin-PEG-thiol covered electrode area. The immo-
bilization was conducted at+4 ◦C for 12 h. After immobiliza-
tion, the electrode surface was rinsed with the HEPES–EDTA
buffer solution and pure water (MilliQ) and dried with nitrogen
gas. Samples were stored at +6 ◦C until further analysis.
The biotin-DNA probe molecules were immobilized by
applying 50 µl of DNA solution (HEPES–EDTA buffer,
100 nM) over the electrode area. The immobilization was
conducted at +4 ◦C for 12 h. After immobilization, the
electrode surface was rinsed with the HEPES–EDTA buffer
solution and pure water (MilliQ) and dried with nitrogen gas.
Samples were stored at +6 ◦C until further analysis.
The complementary and non-complementary target DNA
analyte molecules were immobilized on the recognition layer
by applying 50 µl of DNA solution (HEPES–EDTA buffer,
100 nM, 4 pmol) over the electrode area. The hybridization was
conducted at RT for 3 h. After immobilization, the electrode
surface was rinsed with buffer solution and pure water (MilliQ)
and dried with nitrogen gas. Samples were stored at+6 ◦C until
further analysis.
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Figure 2. Schematic illustrations of the supramolecular architectures used as the recognition layers. Left: MUOH:Biotin-PEG-thiol
SAM-SA-biotin-DNA probe recognition architecture. Right: mixed HS-DNA probe and MUOH SAM architecture.
2.4.2. Formation of the mixed HS-DNA probe and MUOH SAM
architecture. Mixed HS-DNA probe and MUOH SAM layers
were assembled by a two-step backfilling process [45, 48, 49].
First, pure DNA probe monolayers were prepared by placing a
50 µl drop of SH-DNA solution over an electrode area for 5 h.
After HS-DNA assembly, the samples were rinsed thoroughly
with buffer and pure water (MilliQ) to remove loosely bound
HS-DNA. Then, a 50 µl drop of diluent MUOH solution
(10 µM in water) was applied for 1 h. After the MUOH
backfilling, the samples were removed from the solution,
rinsed thoroughly with pure water (MilliQ), and dried under
nitrogen gas flow. Samples were stored at +6 ◦C until further
analysis.
The complementary and non-complementary target DNA
analyte molecules were immobilized on the recognition layer
by applying 50 µl of DNA solution (HEPES–EDTA buffer,
100 nM, 4 pmol) over the electrode area. The hybridization was
conducted at RT for 3 h. After immobilization, the electrode
surface was rinsed with buffer solution and pure water (MilliQ)
and dried with nitrogen gas. The samples were stored at+6 ◦C
until further analysis.
2.5. Contact angle measurements
A CAM 200 contact angle goniometer (KSV Instruments Ltd,
Finland) was used for the determination of contact angles. The
contact angles of water (Millipore) on the sample surfaces
were measured in air in ambient conditions (RH = 23 ± 5%,
T = 25± 3 ◦C). Measured contact angle values were obtained
at the point where the contact diameter of the drop, contact
angle and volume remained constant. The contact angles were
calculated using the software supplied with the instrument,
which utilizes both a circular and a Laplace fit to the projected
drop curvature. The volume of the droplets was 2 µl.
2.6. Atomic force microscopy
An NTEGRA Prima (NT-MDT, Russia) atomic force
microscope (AFM) was used to analyze the topography
of the samples in intermittent-contact mode. The images
(1024 pixels× 1024 pixels) were captured in ambient con-
ditions (RH = 20–26%, T = 24–28 ◦C) using silicon can-
tilevers with a nominal tip radius of 10 nm (Model: NSG10,
NT-MDT, Russia). The scanning rate and damping ratio were
0.39 Hz and 0.6–0.7, respectively. Image analysis was done
using SPIPTM image analysis software (Image Metrology,
Denmark).
2.7. Surface plasmon resonance
Surface plasmon resonance (SPR) gold slides were coated
with recognition layers exactly with the same procedure as
described for the printed gold electrodes. DNA hybridization
was monitored in situ with a multi-parametric SPR instrument
(SPR Navi 200, Bionavis Ltd, Tampere, Finland). The SPR
Navi 200 instrument has an integrated peristaltic pump and
a sample loop system connected to a six-port valve, which
allows injection of sample plugs into the continuously running
buffer. For measurements, the flow channel of the SPR system
was first filled with HEPES–EDTA buffer with a constant flow
rate of 20µl min−1. After a stable baseline was achieved, DNA
target solutions were injected as a plug into the continuously
flowing buffer stream to measure the interaction.
2.8. Impedance measurements
Impedance measurements were done on the paper-supported
gold electrodes functionalized with a MBP SAM and protein
layers in contact with the electrolyte HEPES–EDTA buffer
solution. Buffer solution (50µl) was deposited on the electrode
area exactly at the same spot which had been functional-
ized with the recognition layers. Electrical impedance spec-
troscopy is a powerful tool to investigate the movement and
reactions of charged species in an electrochemical cell [50].
The general idea is to apply a time varying electrical signal to
the electrodes and measure the response. The two parameters
that are measured are the phase shift (θ ) between the input and
output signals and the change in signal amplitude or modulus,
|Z | = RMVIN/VOUT, where RM is the measuring resistance.
These changes depend on all charged species in the system,
i.e. ion movement in the dielectric, electron movement in the
electrodes, redox processes, etc, as well as on the surface
roughness of the electrode. The total impedance consists of
a resistive, a capacitive and an inductive component and is
therefore dependent on the frequency of the probe signal.
Different processes (dipolar, electronic, and ionic saturation)
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have different time responses and the impedance is therefore
measured over a wide range of frequencies, usually ranging
from 1 MHz to 1 mHz. All the measurements in this paper are
potentiostatic, i.e. an actuating voltage is applied and the cur-
rent is measured. No equivalent circuit has been used to model
the system after the measurements. The presented values are
the impedance of the entire measuring cell. The reason for
not including an equivalent cell and calculating, for instance,
the capacitance of each individual interface in the device is the
simplicity. The signals being monitored must be strong enough
so that complex analysis of the acquired data is minimized.
In order to calculate the capacitance and real and imaginary
impedance, θ and |Z | is separated into its real and imaginary
parts. Z = Zreal+ Z img = |Z |e−iθ , θ = tan−1 (Z img/Zreal) and
|Z | = ((Zreal)2+ (Z img)2)1/2, where Zreal is the real and Z img
is the imaginary impedance. The capacitance then comes to
C =−1/(−Z img2pi f A), where f is the frequency and A is
the capacitor area. The instrument used was a Gamry 600
Impedance Spectrometer. In all measurements the connection
used was tripolar, the frequency was scanned from 1 Hz to
1 MHz and the alternating voltage applied to the electrodes
had an rms amplitude of 20 mV and 0 V contact bias voltage.
Between the application of buffer solution on the dry electrode
area and the start of the impedance measurements, it was
necessary to wait 10–15 min before reaching a stable baseline
signal.
3. Results and discussion
3.1. Binding capacity and selectivity of recognition
architectures
The binding capacities and selectivity of the MUOH:Biotin-
PEG-thiol SAM-SA-biotin-DNA probe and mixed HS-DNA
probe and MUOH SAM recognition architecture were deter-
mined separately by SPR. Figure 3 shows the difference in
SPR signal between complementary and non-complementary
DNA targets for both recognition architectures after injection
of a 100 nM concentration of target sample. A higher relative
SPR signal indicates better selectivity of the MUOH:biotin-
PEG-thiol SAM-SA-biotin-DNA probe system compared to
the recognition architecture with a mixed HS-DNA probe
and MUOH SAM. In absolute terms, the binding capacity
of the MUOH:biotin-PEG-thiol SAM-SA-biotin-DNA probe
system towards the complementary DNA target was 5:7–
7:4 ng cm−2 and towards the non-complementary DNA tar-
get was 1:1 ng cm−2. Thus, the signal specificity is over
80%. For the other system, the binding capacity towards
the complementary DNA target was 7.4–8.1 ng cm−2 but
with a very high unspecific background (∼65%) towards
the non-complementary DNA target. SA based recognition
platforms have been shown to be more sensitive, with much
lower background signals from unspecific binding compared to
DNA SAM based systems [45]. SA is known to have excellent
anti-fouling characteristics towards biomolecules due to its
highly hydrophilic surface properties, preventing the approach
of biomolecules closer than 3 nm from the SA layer [51].
Figure 3. Difference in surface plasmon resonance (SPR) signal
between complementary and non-complementary DNA targets for
MUOH:Biotin-PEG-thiol SAM-SA-biotin-DNA probe (solid line)
and mixed HS-DNA probe and MUOH SAM (dashed line)
recognition architectures. The down arrow represents the time of
DNA target injection (100 nM) and the up arrow indicates the
injection of HEPES–EDTA buffer without DNA.
3.2. Impedimetric analysis of DNA hybridization in
MUOH:Biotin-PEG-thiol SAM-SA-biotin-DNA probe
architecture
Figure 4 shows the Bode plots of (a) impedance modulus
|Z | and (b) phase angle as a function of frequency after
immobilization of each successive layer on the printed AuNP
electrode. Also included are the (c) real (Zreal) and (d)
imaginary (Z img) components of impedance. These describe
the resistive (real part) or capacitive (imaginary part) prop-
erties of the system. The area of the electrode used for
these experiments was 0.28 cm2. The Zreal value being
higher than the Z img value in the higher frequency domain
(>10 kHz) shows that the resistive properties primarily
control the impedance over the capacitive properties at these
frequencies.
Figure 4(a) shows that each additional molecular layer
decreases the impedance modulus in the higher frequency
region (>10 kHz). The same trend is observed in the Zreal-
curve. At the lower frequency domain, the |Z | value first
increases after the addition of MUOH:Biotin-PEG-thiol SAM
and then slightly decreases with each additional biomolecular
layer. Again, the same trend is observed for Zreal. In the
Z img curve, the addition of MUOH:Biotin-PEG-thiol SAM
shifts the impedance upwards throughout the whole measured
frequency range. This indicates a decrease in capacitance of the
system. After immobilization of the subsequent biomolecular
layers, the Z img values flocculate over and below that of
MUOH:Biotin-PEG-thiol SAM and do not show a clear trend.
The phase angle plot shifts downwards after the addition
of MUOH:Biotin-PEG-thiol SAM, especially at lower fre-
quencies, and for additional biomolecular layers does not
change considerably. Comparison between the hybridization
with complementary (figure 4(a)) and non-complementary
DNA targets (figure 5(a)) shows that changes in the |Z | signals
5
Nanotechnology 25 (2014) 094009 P Ihalainen et al
Figure 4. (a) Bode plot of impedance modulus |Z | and (b) phase angle as a function of frequency after each immobilization step for the
MUOH:Biotin-PEG-thiol SAM-SA-biotin-DNA probe recognition architecture and after hybridization with the complementary DNA target.
Also shown are the corresponding curves for the (c) real (Zreal) and (d) imaginary (Zimg) components of impedance as a function of
frequency. The electrode area was 0.28 cm2.
Figure 5. (a) Bode plot of the impedance modulus |Z | and (b) phase angle as a function of frequency for the MUOH:Biotin-PEG-thiol
SAM-SA-biotin-DNA probe recognition architecture before and after hybridization with the non-complementary DNA target. The electrode
area was 0.28 cm2.
in the higher frequency region are apparent for the former and
negligible for the latter. Only a small shift in phase angle
is observed at low frequencies (figure 5(b)). This indicates
good selectivity of the EIS signal in the MUOH:Biotin-PEG-
thiol SAM-SA-biotin-DNA probe recognition architecture.
The above is in agreement with the SPR results.
The interface between the metal electrode and electrolyte
with an adsorbed biomolecular layer can be usually described
by three physical regions: bulk solution, double layer and
molecular layer [30, 31, 37, 38]. The contribution to the
total impedance signal can be considered to arise from the
uncompensated solution resistance, and the resistance and
capacitance of the biomolecular layer and electric double layer
at the electrode/electrolyte interface. An electric double layer
is generated when charge species and dipoles are orientated
at the surface of the metal electrode in contact with an
electrolyte. A compact Helmholtz plane or a Stern layer is
formed by the solvent and adsorbed species in the vicinity of
6
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Figure 6. (a) Capacitance (C) as a function of frequency after each immobilization step for the MUOH:Biotin-PEG-thiol
SAM-SA-biotin-DNA probe recognition architecture and after hybridization with the complementary DNA target. (b) C as a function of
frequency for SAM-SA-biotin-DNA probe recognition architecture before and after hybridization with the complementary DNA target (with
error bars). The inset shows the relative change in capacitance (1C/C0) as a function of frequency. (c) C as a function of frequency for the
SAM-SA-biotin-DNA probe recognition architecture before and after hybridization with the non-complementary DNA target. The electrode
area was 0.28 cm2.
the electrode surface, and the thickness of the double layer
determines how close the solvated ions from the bulk solution
can approach. Due to the surface heterogeneities, the double
layer is not a well defined discrete element, but consists of
parallel or branched resistive–capacitive transmission lines.
The adsorbing molecules will displace water and solvated
ions, moving the electric double layer outwards from the
electrode surface, resulting in a change of the capacitance.
The capacitance of the adsorbed layer depends on the dielectric
constant and thickness. The resistive component is introduced
by the defects, enabling the penetration of electrolyte and
migration of ions through the molecular layer. Among the
factors influencing the uncompensated resistance are the shape
and size of the cell, the location of the reference electrode, the
shape of the working electrode, and the size and position of
the counter-electrode [52].
Alkyl thiol SAMs have been shown to be good electronic
insulators and decrease the capacitance of metal electrodes
[53, 54]. The insulation characteristics of the MUOH:Biotin-
PEG-thiol SAM is indicated by the increase in Zreal in
the lower frequency domain (<10 kHz). The decreasing
effect on capacitance is shown by the C versus frequency
curve (figure 6(a)), a drop again seen at lower frequencies.
Although SAMs are generally good electronic insulators,
they are not necessarily good ionic insulators [54]. The ionic
insulator characteristics of SAMs can be assessed by studying
the phase angle plot in the lower frequency region [54].
Theoretically, SAMs obey the Helmholtz ideal capacitor
model when the phase angle at 1 Hz is 90◦ [50]. On the other
hand, phase values ≥88◦ can be used as a reliable indicator
of the perfect ionic insulating character of a SAM [54].
After the immobilization of MUOH:Biotin-PEG-thiol SAM,
the phase angle value is around 85◦ at 1 Hz (figure 4(b)).
This indicates that MUOH:Biotin-PEG-thiol SAM is not
completely defect-free and acts as a capacitor contaminated
by a resistive component associated with current leakage
at defect sites. The decrease in resistance compared to the
pristine AuNP electrode in the higher frequency domain might
be due to the increased wettability of the surface. Higher
wettability leads to better penetration of the electrolyte and
the enhanced migration of ionic species. The pristine AuNP
electrode is a quite poor wetting surface, the contact angle of
water being about 86◦–90◦ [4]. This has been attributed to
the residual hydrophobic dodecanethiol surfactant molecules
still adsorbed on the surface. When MUOH:Biotin-PEG-thiol
SAM is adsorbed on the surface, the wetting properties of the
electrodes are considerably enhanced and the contact angle
decreases to 40◦.
After the addition of subsequent biomolecular layers, |Z |
and Zreal decrease throughout the whole measured frequency
range (figure 4). The effect is more pronounced at higher
frequencies. In addition, the C curve shows an increase
(figure 6(a)). The decrease in impedance has been observed
both in antibody–antigen interactions and DNA hybridization
reactions [37–40, 55]. All the biomolecules have surface
charges and the immobilization of the biomolecules to the
metal electrode surface changes the charge distribution in the
electrical double layer at the solid/liquid interface. Changes
in the charge distribution affect the migration of ionic species
through the double layer. This in turn changes the resistance of
the biomolecular layer. In particular, DNA hybridization has
been shown to increase the surface conductivity [56]. The
decreasing effect of biomolecule adsorption on impedance
is shown to be more pronounced at higher frequencies for
systems using alkyl chain SAMs as tethering surfaces for
biomolecules [37, 38]. This is attributed to the overall high
resistance of SAM, which dominates the signal at lower
frequencies and makes the change in total resistance hard to
detect [40].
The hybridization with the complementary DNA target
induces a clear increase in capacitance throughout the whole
measured frequency range (figure 6(b)). The largest relative
change in C is observed at around 3.5 kHz, with an ap-
proximately 20% increase in signal (the inset of figure 6(b)).
On the other hand no change was observed with the non-
complementary DNA target (figure 6(c)). The adsorption of
biomolecules has been shown to influence the capacitance
of the double layer to varying degrees [30, 31]. Both de-
creases and increases in capacitance have been observed, the
phenomenon attributed to the change in thickness, charge
7
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Figure 7. (a) Bode plot of the impedance modulus |Z | and (b) phase angle as a function of frequency for the mixed HS-DNA probe and
MUOH SAM recognition architecture before and after hybridization with the complementary DNA target. Also shown are corresponding
curves for the (c) real (Zreal) and (d) imaginary (Zimg) components of impedance as a function of frequency. The insets of (a) and (c) show
linear–log plots (including error bars) of the corresponding curves with a zoomed-in scale. The electrode area was 0.08 cm2.
exchange, change in conformation, and interpenetration of
biomolecules into the dielectric layer [20, 34–36, 40, 55,
57–61]. The increase in capacitance after adsorption of
biomolecules is especially seen for systems with porous
and less ideal dielectric layers [20, 40, 55, 57, 61]. This
has been attributed to the interpenetration of biomolecules to
the dielectric layer and the change in the effective dielectric
constant of the layer.
3.3. Impedimetric analysis of DNA hybridization in the mixed
HS-DNA probe and MUOH SAM architecture
Figure 7 shows the Bode plots of (a) |Z | and (b) phase angle as a
function of frequency before and after DNA hybridization with
the complementary DNA target. Also included are the (c) Zreal
and (d) Z img components of impedance. Figure 8 shows (a) |Z |
and (b) phase angle curves for the non-complementary DNA
target. Figure 9 shows C as a function of frequency both for
(a) complementary and (b) non-complementary DNA targets.
The |Z | curve shows a very small decrease after DNA
hybridization with the complementary DNA target (figure 7(a)
and the inset of figure 7(a)). No noticeable change is ob-
served for the non-complementary DNA target (figure 8(a)).
Figure 7(c) (and corresponding inset) shows that the de-
crease in impedance is also seen in the Zreal curve, but
only in the higher frequency domain (>10 kHz). On the
other hand, the Z img curve does not show any significant
change after DNA hybridization (figure 7(d)). However, the
most noticeable change is observed in the C curve with the
complementary DNA target (figure 9(a)). The largest increase
in signal (∼13%) is observed at around 1 Hz and 200 kHz
(the inset of figure 9(a)). Again, no change is observed for the
non-complementary DNA target (figure 9(b)). This indicates a
good selectivity of the EIS signal in the mixed HS-DNA probe
and MUOH SAM system. However, this is in disagreement
with SPR results, which showed a very high background
signal from the non-complementary DNA target. However,
the direct comparison between SPR and EIS is difficult due to
the different physical principles of the two techniques.
The changes in the impedance signals after DNA
hybridization for the mixed HS-DNA probe and MUOH SAM
system are similar to the MUOH:Biotin-PEG-thiol SAM-SA-
biotin-DNA probe architecture, i.e. a decrease in resistance
and an increase in capacitance. In addition, the selectivity of
the EIS signal is also comparable between the two recognition
systems. The mixed HS-DNA probe and MUOH SAM system
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Figure 8. (a) Bode plot of the impedance modulus |Z | and (b) phase angle as a function of frequency for the mixed HS-DNA probe and
MUOH SAM recognition architecture before and after hybridization with the non-complementary DNA target. The electrode area was
0.08 cm2.
Figure 9. (a) C as a function of frequency for the mixed HS-DNA probe and MUOH SAM recognition architecture before and after
hybridization with the complementary DNA target. The inset shows the relative change in capacitance (1C/C0) as a function of frequency.
(b) C as a function of frequency for the HS-DNA probe and MUOH SAM recognition architecture before and after hybridization with the
non-complementary DNA target. The electrode area was 0.08 cm2.
shows a relatively higher increase in the C signal after the
hybridization with the complementary DNA target compared
to the MUOH:Biotin-PEG-thiol SAM-SA-biotin-DNA probe
architecture. The higher EIS signal for the former is consistent
with the higher binding capacity observed with SPR. However,
the MUOH:Biotin-PEG-thiol SAM-SA-biotin-DNA probe
system has the highest relative change in C around 3.5 kHz,
the change being 20%.
4. Conclusions
The current study demonstrates that different supramolec-
ular architectures for DNA hybridization can be success-
fully formed on paper-supported AuNP electrodes. The DNA
hybridization can be detected with impedimetric spectroscopy
in the picomol range. The EIS results indicated a good selec-
tivity for both recognition architectures, whereas SPR showed
very high unspecific binding for the mixed HS-DNA probe and
MUOH SAM system. In addition, SPR results showed that the
mixed HS-DNA probe and MUOH SAM system had a higher
binding capacity towards the complementary DNA target. This
coincides with the magnitude of change in the EIS signal in
the lower frequency region, which is dominated by changes
in capacitance. However, the MUOH:Biotin-PEG-thiol SAM-
SA-biotin-DNA probe system has the highest change in C
around 3.5 kHz, with the relative change being 20%. The
factors affecting the impedance signal and complexity of
the interpretation is at least partly linked to the complexity
of the supramolecular architecture. Although the changes in
impedance signals after DNA hybridization are more apparent
in the more complex system (i.e. MUOH:Biotin-PEG-thiol
SAM-SA-biotin-DNA probe), it is also less ideal for fabri-
cation of a capacitive genosensor due to the more dominant
resistive elements. In addition, producing the recognition sur-
faces, for example, by printing would benefit from simpler
recognition architectures. Further work is in progress towards
the development of a low-cost and recyclable paper electronics
platform for genosensor applications.
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